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TO THE EDITOR
Dermal dendritic cells (DDCs) are
immunological sentinels that conti-
nuously scan the dermal micro-
environment for the presence of danger
signals (Ng et al., 2008). Upon
encounter of such stress signals––for
example, following pathogenic insults––
DDCs are thought to exit the skin
via lymphatics and subsequently travel
to skin-draining lymph nodes where
they activate the adaptive immune
response. Little is known, however,
how DDCs respond to sterile tissue
injury. Despite literature describing
the use of lasers for assisting vaccine
uptake and the activation of DDCs
(Chen et al., 2010, 2012, 2014; Wang
et al., 2014), a detailed, real-time
characterization of how DDCs respond
to sterile tissue injury has not been
performed.
In recent years, intravital multiphoton
microscopy (IV-MPM) has been
employed to study dendritic cell func-
tion within their native microenviron-
ment. These studies have revealed the
dynamic behavior of dendritic cells
under homeostasis and how they orches-
trate immune responses during inflam-
mation/infection (Garside and Brewer,
2008; Lammermann and Germain,
2014; Weninger et al., 2014). In this
study, we employed our previously
established mouse ear skin intravital-
imaging model (Li et al., 2012) to
monitor in real time how DDCs res-
pond to sterile injury imposed by a
small laser-induced lesion in the dermis.
These experiments should provide
insights into the earliest steps of DDC
responses during non-microbial trig-
gered inflammation commonly asso-
ciated with conditions such as
ischaemia-reperfusion injury, metabolic,
and autoimmune diseases (Shen et al.,
2013).
DDC behavior was visualized in
CD11c-EYFP mice, in which dendritic
cells express EYFP (Lindquist et al.,
2004; studies were performed with the
approval of the IACUC, A*STAR.) A
sterile injury was induced by multi-
photon laser ablation using a Tunable
Coherent Chameleon Ultra II One
Box Titanium:sapphire laser source
(Coherent, Santa Clara, CA; 800 nm at
B25 mW; pulse length of 140 femto-
seconds) for 5–8 s, with the burn area
measuring 7575mm, focused 20mm
below the dermal–epidermal junction.
Time-lapse images were then obtained
by IV-MPM post injury to observe how
DDCs respond to laser-induced injury in
real time (Figure 1a–c). In the absence
of laser injury, and as reported pre-
viously (Ng et al., 2008), DDCs
displayed a relatively slow motility
(B1.49mm min1) with a constant
probing behavior, taking random and
seldom repeated paths (Figure 1a–d).
Immediately after injury, an increase in
DDC motility was observed (Figure 1d),
which gradually translated into a highly
directed migratory behavior toward the
site of laser injury B50 min post injury
(Figure 1b), as indicated by an increase
in their meandering index (Figure 1e).
Such migratory behavior (Figure 1f)
was sustained until DDCs successfully
reached the injury site, followed by a
cessation of migration.
It is well established that dendritic
cell migration is dependent on pertussis
toxin (PTX)-sensitive Gai protein-
coupled receptor signals (Itano et al.,
2003; Ng et al., 2008). In order to
determine whether similar signals are
involved in the migration of DDCs
toward the sterile injury site, we
intradermally injected PTX (2ml of
50 ngml1; List Biologicals, Campbell,
CA) prior to laser ablation. Similar to
previous reports, we found that DDCs
lost their mobility within minutes
following PTX treatment (data not
shown; Ng et al., 2008). Consequently,
DDC migration toward the injury site
was abolished (Figure 1g; Supplemen-
tary Movie 2 online), whereas in control
phosphate-buffered saline-treated ears
(Figure 1h; Supplementary Movie 3
online), DDC migratory behavior was
comparable with untreated ears
(Figure 1f). Together, these results
suggest that DDCs migrate toward a
chemoattractant source originating
from the sterile injury site in a PTX-
sensitive manner. Conceivably, these
migratory cues may arise from factors
synthesized de novo from resident
or recruited inflammatory cells at the
site of injury.
It is well established that neutrophils
are among the first cells to be recruited
to sites of injury (Amulic et al., 2012).
We and others have previously shown
that initial rare neutrophils accumulat-
ing at the injury site were capable of
triggering waves of additional neutro-
phils (Ng et al., 2011; Lammermann
et al., 2013). Thus, we next examined
the migratory behavior of the neutro-
phils as compared with DDCs. We
utilized LysM-eGFP-CD11c-EYFP mice,
in which dendritic cells and neutrophils
are YFPþ and GFPþ , respectively
(Faust et al., 2000). Of note, dermal
monocyte–derived dendritic cells and
macrophages have been shown to express
LysM at steady state (Tamoutounour
et al., 2013). However, in the context
of our current imaging setting, only
high levels of GFP expression in
neutrophils could be visualized in
the ear skin of the LysM-eGFP mice
used in our studies. Our data showed
that in response to laser injury, GFPþ
neutrophils started to roll along theAccepted article preview online 28 November 2014; published online 8 January 2015
Abbreviations: DDC, dermal dendritic cell; IV-MPM, intravital multiphoton microscopy; PTX, pertussis
toxin
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endothelial walls, followed by directional
extravasations from blood vessels to the
injury site (Figure 2a–c; Supplementary
Movie 1 online). We expected that the
spatial advantage afforded by the inter-
stitial localization of DDCs should allow
them to promptly respond to injury.
However, within 20min, neutrophils
were recruited to the injury site, much
quicker compared with DDCs (Figure 2b
and c). Intriguingly, neutrophils were able
to traverse past the peripheral edges of
the injury and into the core, whereas
DDCs were only able to accumulate
at the periphery such that the wound
site was devoid of DDCs. As the laser
injury damages the extracellular matrix,
this may indicate the requirement of
collagen or other fibers for DDC
migration (Figure 2d and e;
Lammermann et al., 2013).
We next sought to investigate whether
neutrophils had a direct role in regulat-
ing DDC migration. For this, mice were
depleted of neutrophils via intraperito-
neal injection of NIMP-R14 antibody
(250mg in 100ml saline; Adipogen,
San Diego, CA; Tan et al., 2013), 48 h
prior to the induction of injury. As
shown in Figure 2f, DDC migration
was unaltered (Figure 2g-i) in the
absence of neutrophils. This suggests
that chemoattractant cues for DDC
migration were not neutrophil derived
and that the coordination of neutrophil
and DDC recruitment happens via inde-
pendent, cell type–specific migratory
kinetics.
To the best of our knowledge, the
direct demonstration of DDC chemoat-
traction in relation to neutrophil
migration toward a sterile tissue injury
has not been previously reported.
DDCs migrated to these injury sites in
a spatially and temporally distinct
manner as compared with neutro-
phils. These differences, however,
result in the coordinated sequence
of cell type recruitment, which may be
relevant for their individual effector
functions in the context of sterile
inflammation.
Our previous study demonstrated that
in response to pathogenic stimuli (Leish-
mania major), DDCs cease their patrol-
ling behavior and become sessile during
the initial encounter enabling parasite
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Figure 1. Migration of dermal dendritic cells (DDCs) in the dermis after laser-induced sterile injury. Maximum z-projected snapshots from time-lapse sequence
showing distribution of DDCs at (a) resting state, (b) 50 min post injury, and (c) 3 h post injury. YFP (yellow, DDCs), second harmonic generation (SHG, blue,
collagen), and Evans blue (gray, blood vessels, 1 mg ml1). Bar ¼ 50mm. (d) Representative velocity of DDCs at steady state and post injury. (e) Representative
meandering index of DDCs at steady state and post injury. A value of 1 indicates a straight-line path, whereas a value of 0 indicates random walk. Horizontal line
indicates mean. ****Po0.0001; the Mann–Whitney test. Tracking analysis of DDCs (f) responding to injury with no treatment, (g) after pertussis toxin (PTX)
treatment, and (h) with phosphate-buffered saline (PBS) as control. White boxes indicate position of injury. Elapsed time shown in hh:mm format. n¼ 3 for each
treatment.
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uptake (Ng et al., 2008). This implies
that DDCs have the ability to switch
their surveillance program in response
to distinct stimuli according to the
circumstances. Future studies will focus
on understanding the differences in
molecular cues regulating DDC migra-
tion during sterile and pathogen-
induced injury. Given the known
heterogeneity of tissue DDCs (Schlitzer
and Ginhoux, 2014), it will also be
interesting to investigate whether there
are differential responses to sterile injury
between distinct DDC subsets. In
summary, our study provides critical
insights into how DDCs are operative
after a sterile immune response, espe-
cially in relation to neutrophils.
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TO THE EDITOR
As skin ages, the epidermis is thinner
with reduced epidermal proliferation,
abnormal differentiation, impaired lipid
synthesis, and elevated skin surface pH.
These alterations have profound
consequences for barrier function, skin
cohesion, antimicrobial defense, inflam-
matory threshold, and cutaneous wound
healing (Ghadially et al., 1995; Mauro
et al., 1998; Choi et al., 2007;
Rodriguez-Martin et al., 2011). These
abnormalities have been linked, in part,
to reduced epidermal IL-1a expression
(Ye et al., 2002), reduced epidermal
expression of CD44 and its ligand, hya-
luronic acid (Bourguignon et al., 2013),
and reduced epidermal lipid synthesis.
Among these many changes, much
attention has been paid to the epidermal
permeability barrier, because of its
dominant role in regulating cutaneous
homeostasis. Studies have demonstrated
that epidermal permeability barrier
regulates epidermal proliferation, differ-
entiation, lipid production, and innate
immunity. Therefore, strategies that
enhance epidermal proliferation, differ-
entiation, and/or lipid production, while
also reducing stratum corneum (SC) pH,
could prove to be useful for preventing
and/or treating the functional abnormal-
ities, including permeability barrier
homeostasis, in aged skin. Our previous
studies demonstrated that topical appli-
cations of a readily available herbal
ingredient, hesperidin, improve epider-
mal permeability barrier function in
young mice by stimulating epidermal
proliferation, differentiation, and lamel-
lar body formation/secretion (Hou et al.,
2012), all of which are likely indepen-
dent of the antioxidant properties of
hesperidin. Here, we show that topical
applications of hesperidin improve multi-
ple key epidermal functions in aged
mouse skin. After 9 days of treatment,
the gross appearance of mouse skin
treated with vehicle and hesperidin
appeared similar. Histological analysis
showed that aged epidermis was thinner
than young epidermis; whereas prolife-
rating cell nuclear antigen (PCNA)
staining indicated that aged epidermis
displayed less robust proliferative activity
as compared with young epidermis;
hesperidin treatment did not stimulate
epidermal proliferation in aged skin, as
indicated by PCNA-positive cells per cm
epidermal length (2.70±0.10 vs. 2.45±
0.13 for vehicle-treated vs. hesperidin-
treated skin, NS; 3.46±0.17 for young
skin; young vs. vehicle- or hesperidin-
treated aged skin, Po0.001). These
results indicate that topical hesperidin
does not stimulate epidermal prolifera-
tion in aged mice.
After 9 days of topical hesperidin
treatment, baseline SC hydration in
hesperidin-treated mice also was noAccepted article preview online 17 November 2014; published online 18 December 2014
Abbreviations: ABCA12, ATP-binding cassette transporter 12; FAS, fatty acid synthase; hBD2, human beta-
defensin 2; HMGCoA, 3-hydroxy-3-methyl-glutaryl-CoA reductase; mBD3, mouse beta-defensin 3; NHE1,
sodium/hydrogen exchanger 1; Nrf2, nuclear factor (erythroid-derived 2)–like 2; PCNA, proliferating cell
nuclear antigen; Q-PCR, quantitative reverse transcriptase in real time; SC, stratum corneum; sPLA2,
secretory phospholipase A2; SPT, serine palmitoyltransferase 1
G Man et al.
Hesperidin Improves Epidermal Barrier Function in Aged Skin
1184 Journal of Investigative Dermatology (2015), Volume 135
